1. Introduction {#sec1-molecules-22-01105}
===============

Nearly all microalgae including *Chlorella sp*., *Spirulina platensis*, *Nannochloropsis* sp., and *Haematococcus pluvialis* generate various secondary metabolites (bioactive compounds) to aid their growth in extreme environments. Bioactive compounds are valuable, particularly for their health benefits and nutraceutical effects, such as antioxidant, antiallergic, anticancer, and anticoagulant activities. Microalgae are natural sources of biologically active compounds, such as phycobilins, fatty acids, vitamins, and sterols. They have been described as secreting a wide range of compounds with the potential to be employed as functional ingredients, including phenols, carotenoids, and other antioxidant pigments \[[@B1-molecules-22-01105]\].

*Chlorella sp.* has been used and commercialized due to its nutrient content and other advantages, particularly its beneficial health effects, such as antioxidant, antiviral, and antitumor activities. *Chlorella sp.* is a type of microalgae that is normally found in freshwater environments. It is a unicellular photosynthetic microalgae containing green photosynthetic pigments chlorophyll in its chloroplast, and also lutein and other primary carotenoids, such as α-carotene and β-carotene \[[@B2-molecules-22-01105]\]. Exploration of this kind of microalgae can also provide vitamins, biofuels, proteins, and polyphenols. The utility of compounds in *Chlorella sp*. has attracted continuous research into their functional properties for biological and food applications. It was confirmed that these microalgae products also have considerable amounts of phenolics, which are comparable to the phenolic content in other plant sources. Phenolic compounds have the ability to donate a hydrogen atom or electron to form stable radical intermediates, and they are major contributors to antioxidant capacities. Therefore, *Chlorella sp.* microalgae may have important and broad applications in the pharmaceutical and food industries because of the high antioxidant activities of their extracellular substances \[[@B3-molecules-22-01105]\].

Recently, subcritical water (SW) extraction has become an increasingly popular alternative technology for the extraction of natural bioactive compounds from natural sources \[[@B4-molecules-22-01105]\]. This technology uses subcritical water, also referred to as superheated water, pressurized hot water, or hot liquid water, as the extraction solvent. Water is inexpensive and environmentally friendly, and is therefore an ideal solvent for industrial extractions. SW extraction applies high pressure to keep water liquid beyond its normal boiling point, at temperatures between 100 and 374 ?C, and pressures below the critical pressure of 22 MPa, during extraction. Within a specific temperature and pressure range, the polarity, viscosity, surface tension, and dielectric constant of SW are significantly lower compared with water under ambient conditions. Compared with conventional extraction methods, such as hydro-distillation and organic solvent extraction, SW has many advantages, including lower extraction time, simplicity, lower operational cost, higher extract quality, and excellent environmental credentials \[[@B4-molecules-22-01105]\].

SW has been applied for the extraction of high phenolic contents from various materials, including plants and algae. Phenolic compounds comprise a major class of plant secondary metabolites that are broadly distributed and have abundant structural diversity \[[@B5-molecules-22-01105]\]. These compounds occur as glycones, glycosides, monomers, free or matrix-bound compounds, or well-polymerized structures \[[@B5-molecules-22-01105],[@B6-molecules-22-01105]\]. Furthermore, they are not uniformly distributed in plant/algae matrices and their stabilities vary significantly. These factors complicate their extraction and isolation processes. Therefore, optimization of extraction procedures is required, depending on the nature of the sample and the target analytes. Some studies have reported the extraction of phenolic compounds from various plants and microalgae sources using SW, including mango leaves \[[@B7-molecules-22-01105]\], pomegranate \[[@B8-molecules-22-01105]\], rice bran \[[@B9-molecules-22-01105]\], potato peel \[[@B10-molecules-22-01105]\], cinnamon \[[@B11-molecules-22-01105]\], citrus pomaces \[[@B12-molecules-22-01105]\], golden oyster mushroom \[[@B13-molecules-22-01105]\], oregano \[[@B14-molecules-22-01105]\], marigold flower \[[@B15-molecules-22-01105]\], and *Haematococcus pluvialis* microalga \[[@B16-molecules-22-01105]\]. These reports indicated that SW extraction is a promising technique for the preparation and successful isolation of phenolic compounds from various matrices.

No studies have been conducted regarding response surface optimization of the extraction of phenolic compounds and antioxidant activity from *Chlorella sp.* microalgae. Therefore, this research aimed to optimize experimental conditions to obtain high phenolic content and antioxidant-rich natural extracts from *Chlorella sp.* microalgae by SW technology. The effects of extraction variables (temperature, time, and microalgae concentration) and the relationship between phenolic content and antioxidant activity from *Chlorella sp.* were also investigated.

2. Results and Discussion {#sec2-molecules-22-01105}
=========================

2.1. Extraction Optimization {#sec2dot1-molecules-22-01105}
----------------------------

Analysis of variance (ANOVA) for the responses of *Chlorella sp.* phenolic content and antioxidant activity was used to investigate the effects of each independent variable in the SW condition parameters to construct an empirical model that maximized the phenolic content and antioxidant activity from the microalgae. This model was also used to optimize each independent variable, namely extraction temperature, time, and microalgae concentration, during SW extraction. [Table 1](#molecules-22-01105-t001){ref-type="table"} shows the experimental design employed, while [Table 2](#molecules-22-01105-t002){ref-type="table"} summarizes the phenolic content and antioxidant activity data from all extracts examined.

Analysis of variance (ANOVA) results from the response quadratic model with the highest degree of polynomial. It gave values of the model term tested for adequacy and fitness, as shown in [Table 3](#molecules-22-01105-t003){ref-type="table"}.

Statistical analysis indicated that the proposed regression model for yield and antioxidant activity was adequate, possessing no significant lack of fit and with satisfactory values of R² (multiple correlation coefficient) for all responses. The R² values were 0.9765 and 0.9585 for both phenolic content and antioxidant activity, respectively. The closer the value of R² to unity, the better the empirical model fits actual data \[[@B17-molecules-22-01105]\].

The significance of each term at a specified level of confidence was determined by examining its respective *p*-value and *F*-value. In fact, the *p*-value is the smallest level of significance that could be used to reject the null hypothesis, H~0~. Therefore, the smaller the value is, the more significant its corresponding coefficient and the contribution towards the response variable. From the ANOVA in [Table 3](#molecules-22-01105-t003){ref-type="table"}, it was observed that some of the variables were highly significant to the regression model as indicated by the high *F*-value. As can be seen in [Table 3](#molecules-22-01105-t003){ref-type="table"}, based on the *F*-values, three linear factor terms (X~1~, X~2~, X~3~), one quadratic term (X~1~^2^), and two interaction factors (X~1~X~2~, X~2~X~3~) for the phenolic response, and two linear factor terms (X~1~, X~2~), one quadratic term (X~1~^2^), and one interaction factor (X~1~X~2~) for antioxidant activity, had the largest effect on the investigated responses at a 95% confidence level, as indicated by the low *p*-value (\<0.05) and the high *F*-value.

The *p*-value of each of the other terms was greater than 0.05, which indicated that the effect of these terms on the response model was not statistically significant at the 95% confidence level. In other words, only the model terms with *p*-values less than 0.05 were determined to be significant to the model equation. The insignificant model terms were removed to improve the model. Model reduction involves this type of backward elimination procedure for all the insignificant terms, to ultimately produce a new and improved experimental model. The ANOVA analysis of the reduced model (new model) equation after eliminating the insignificant terms for both phenolic content and antioxidant activity is shown in [Table 4](#molecules-22-01105-t004){ref-type="table"}. In addition, the adequacy of the models was further justified through ANOVA. The R-squared value in the reduced model for phenolic content was 0.9679 and 0.9499 for antioxidant activity, indicating an excellent agreement between the experimental and predicted results. In addition, as shown in [Table 4](#molecules-22-01105-t004){ref-type="table"}, the model resulted in an *F*-value of 51.61 for phenolic content and 41.11 for antioxidant activity, with an extremely low *p*-value (\<0.0001), implying that the model was highly significant and was adequate for the response variables that were tested. By performing multiple regression analysis on the experimental data, the model for the response variable could be expressed using the following quadratic polynomial equation in the form of coded values, after exclusion of the insignificant terms as shown in [Table 5](#molecules-22-01105-t005){ref-type="table"}.

### Effect of Extraction Conditions on Phenolic Content and Antioxidant Activity

Three-dimensional representations of the response surfaces generated by the model are shown in [Figure 1](#molecules-22-01105-f001){ref-type="fig"}. For the process with three variables, where two variables are illustrated in three-dimensional surface plots, the third variable is kept at the centre point. Varying the temperature during SW treatment allowed the solubility of different phenolic compounds to be modified. To obtain the highest phenolic content, it was important to determine appropriate operating conditions. [Figure 1](#molecules-22-01105-f001){ref-type="fig"}a shows the phenolic content as a function of extraction temperature, time, and microalgae concentration. The temperature had a large effect on the phenolic content extracted. Moreover, water at different temperatures during the SW extraction process had different dielectric constants, resulting in different polarities. Therefore, results might be related to water polarity and the solubility of phenolic compounds in *Chlorella sp.* Increasing temperature led to a gradual increase in phenolic content above 100 °C, reaching a maximum at around 175 °C. Therefore, increasing the temperature improved total phenolic yield. Indeed, a higher temperature increased the solubility and diffusion coefficients of phenolic compounds, allowing a higher extraction rate \[[@B18-molecules-22-01105]\]. Furthermore, during the process, the viscosity and surface tension of the water were also reduced, whereas diffusivity is increased, allowing better penetration of the solvent into the matrix and enhancing the extraction process, in terms of both efficiency and speed. Therefore, mass transfer from the solid phase to the SW was improved. However, the amount of phenolic content began to decline above 175 °C due to some families of phenolic compounds becoming denatured beyond certain temperatures. In addition, previous studies have reported that, degradation of phenolic compounds was observed above 180 °C \[[@B10-molecules-22-01105]\]. Therefore, a temperature of 175 °C was considered adequate for the extraction of phenolic compounds from *Chlorella sp.*

In terms of extraction time, it has been reported that prolonged extraction times favor the extraction of the phenolic compounds. This might be due to the time requirement for the exposure of solute or compounds to the release medium when the water penetrates into the *Chlorella sp.*, dissolves the solute, and then diffuses out from the *Chlorella sp.* However, in this study, extending the period of extraction time from 5 to 20 min led to a decrease in phenolic compound extraction. This might be due to the applied high extraction temperature causing decomposition of the phenolic compounds and structural destruction during extended extraction time. It has been reported that some families of phenolic compounds can be denatured beyond a certain temperature value \[[@B19-molecules-22-01105]\]. In addition, due to the applied extraction high temperature, longer extraction times increase the risk of phenolic reduction by increasing the loss of phenolic by oxidation \[[@B20-molecules-22-01105]\]. Therefore, 5 min was favored as the extraction time for phenolic compounds using SW extraction.

As shown in [Figure 1](#molecules-22-01105-f001){ref-type="fig"}a, microalgae concentration also has a significant effect on the amount of phenolic content extracted. The amount of phenolic compounds extracted increased during extraction when increasing the microalgae concentration from 5 to 20 wt. %. This might be due to an increased rate of compound mass transfer resulting from the increased microalgae concentration during the extraction. This phenomenon was attributed to the mass transfer principle. Higher solid-to-solvent ratios gave higher concentration gradients, leading to the increased diffusion and extraction yield of phenolic compounds. Therefore, a microalgae concentration of 20 wt. % was sufficient for extracting the phenolic compounds from *Chlorella sp.* by SW.

Most of the valuable characteristics of phenolic compounds are associated with their antioxidant activities \[[@B21-molecules-22-01105]\]. The 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay has been used extensively in antioxidant assays because it is fast, reliable, and reproducible, and can be used to test the general antioxidant activity of various natural substances, including algae extracts, in vitro \[[@B22-molecules-22-01105]\]. Therefore, the DPPH radical scavenging assay has been used to monitor the capacity of extracted compounds to scavenge free radicals in hydrophilic systems. The effects of extraction temperature, time, and microalgae concentration on DPPH radical scavenging activity are shown in [Figure 1](#molecules-22-01105-f001){ref-type="fig"}b.

The effect of extraction temperature on the antioxidant activity of extracts was similar that on the phenolic content extracted. The antioxidant activity increased as the temperature increased from 100 to 175 °C. Certain antioxidant compounds might be mobilized at high temperatures, while possibly promoting concurrent decomposition of antioxidants already mobilized at lower temperatures. It has been stated that the rate of extraction of thermally stable antioxidants at elevated temperatures is higher than the rate of decomposition of less soluble antioxidants \[[@B23-molecules-22-01105]\]. This was implied by the relatively high percent of inhibition of the extracts obtained at higher temperatures. Increasing the temperature above 175 °C during SW treatment reduced the antioxidant activity. These results showed that mobilization of the antioxidants from the substrate (algae) might occur up to a certain level, followed by their possible loss due to decomposition at higher temperatures. The antioxidant activity of the extracts was high after extraction for 5 min, but declined as the extraction time increased. As mentioned earlier, this decline was due to the longer exposure of active compounds to high temperatures that caused decomposition and structural destruction during longer extraction times. Longer extraction times increase the risk of phenolic oxidation unless reducing agents are added to the solvent system \[[@B24-molecules-22-01105]\]. Therefore, it cause the reduction in the percent of inhibition of the extracts. Microalgae concentration during SW extraction had a similar effect on the antioxidant capacity, but with a smaller impact. The results obtained in the present study also correlated with the amount of phenolic content extracted from *Chlorella sp*., which could be responsible for the antioxidant activity observed. Based on these results, it could be concluded that the obtained *Chlorella sp.* extract with the highest phenolic content also showed the highest antioxidant activity.

2.2. Optimization of Extraction Conditions {#sec2dot2-molecules-22-01105}
------------------------------------------

The study aimed to optimize the extraction process to maximize the extraction of phenolic compounds and antioxidant activity from *Chlorella sp*. For process optimization with two or more output responses, the concept of desirability function is useful, and was possible using the employed software. During optimization of the extraction process, some of these responses had to be maximized, while others had to be minimized, to obtain extracts of acceptable quality. In this study, both responses, phenolic compound, and antioxidant activity were maximized with 0.998 desirability. Desirability ranges from zero to one for any given response. A value of one represents the ideal case, while zero indicates that one or more responses are outside of the desirable limits. Therefore, a desirability function was developed using maximum phenolic content and antioxidant activity in the *Chlorella sp*. extracts as criteria. By applying this desirability function, optimum extraction conditions were obtained, as follows: temperature, 163 °C; time, 5 min; and microalgae concentration, 20 wt. %. This set of conditions was determined to be optimum using the response surface methodology (RSM) optimization approach and was used for experimental validation and to predict values of responses using the model equation ([Table 6](#molecules-22-01105-t006){ref-type="table"}). Experimental values agreed with predicted values within a 95% confidence level, indicating that the model was adequate for the extraction process.

[Figure 2](#molecules-22-01105-f002){ref-type="fig"} shows the surface morphology of *Chlorella sp.* cell by scanning electron microscopy (SEM) (a) before the extraction process (untreated), and (b) after extraction at optimized conditions. The untreated cells were individual rounded-shapes and agglomerated, forming a large spherical shape of the cell. [Figure 2](#molecules-22-01105-f002){ref-type="fig"}b shows the algae cells were completely ruptured and individual cells were not round in shape, compared to untreated cells of *Chlorella sp*. This shows that, SW may segregate and disrupt the microalgae cells and allow good penetration and extraction between the compounds in the algal cells, and the solvent.

2.3. Correlation between Phenolic Content and Antioxidant Activity of Extracts {#sec2dot3-molecules-22-01105}
------------------------------------------------------------------------------

Using the data obtained from statistical analysis, the value of phenolic content and antioxidant activity for each operating condition during extraction was analyzed to investigate the correlation between the phenolic content extracted and the antioxidant properties of the *Chlorella sp.* extracts. The phenolic content was significantly correlated with antioxidant activity towards DPPH radicals (R² = 0.935), as shown in [Figure 3](#molecules-22-01105-f003){ref-type="fig"}. These results were in agreement with those published elsewhere \[[@B25-molecules-22-01105],[@B26-molecules-22-01105]\]. Generally, the antioxidant capacity measured by various *in vitro* methods depends on several factors and experimental conditions, including the quantity and interactions among phenolic compounds present in the extracts, the concentration and type of free radicals, the time employed in the assay, sample dilution, pH, solubility, and stereochemical effects. Furthermore, the antioxidant activity is due to the number and acidity of phenolic hydroxyl groups and the resonance between the free electron pair on the phenolic oxygen and the benzene ring, which increases electron delocalization, conferring a nucleophilic character upon the substitution position adjacent to the hydroxyl group \[[@B27-molecules-22-01105]\].

2.4. Analysis of Phenolic Acid Constituents {#sec2dot4-molecules-22-01105}
-------------------------------------------

High-performance liquid chromatography (HPLC) analysis of the extracts obtained under optimized extraction conditions (163 °C, 5 min, 20% solid loading) was performed to confirm the results obtained by colorimetric methods and to identify the major phenolic compounds in the extracts. HPLC analysis detected and confirmed the presence of three free phenolic compounds in *Chlorella sp.* extracts, with peaks identified as corresponding to *p*-coumaric, ferulic and caffeic acids. Caffeic acid was extracted in the highest amount (2.575 mg/100 g), followed by ferulic (2.330 mg/100 g) and *p*-coumaric (2.150 mg/100 g) acids. The health effects of these phenolic acids in preventing and treating various diseases, such as flu, colds, diabetes, and cancer, have been demonstrated in several studies. [Table 7](#molecules-22-01105-t007){ref-type="table"} shows the different phenolic acid constituents obtained from a few plants and algae with various extraction solvents. Previous studies reported in [Table 7](#molecules-22-01105-t007){ref-type="table"} showed that methanol, ethanol and acetone are the most common solvents used to extract phenolic compounds from plants and algae. Through this study, it was shown that water in its subcritical condition can successfully substitute organic solvents for isolation of phenolic compounds in *Chlorella sp*. Under subcritical conditions, the intermolecular hydrogen bonds of water break down and the dielectric constant of water decreases. The dielectric constant of ethanol and of pure water at ambient temperature and pressure are 27 and 79, respectively. As the temperature increases to 250 °C, the water dielectric constant is reduced to 27, which is similar to the dielectric constant of ethanol \[[@B28-molecules-22-01105]\]. Additionally, water, in contrast to organic solvents, is safe in terms of toxicity, flammability, and availability \[[@B29-molecules-22-01105]\]. SW extraction (SWE) offers a series of important advantages over other techniques including high quality of extracts, a faster process, reduction of the amount of solvents and costs of the extracting agent and being an environmentally suited technique due to the use of water as the alternative to organic solvents that makes a greener extraction process \[[@B30-molecules-22-01105]\]. This green and safe approach can be applied for use as functional food or pharmaceutical ingredients which are beneficial to health.

3. Materials and Methods {#sec3-molecules-22-01105}
========================

3.1. Chemicals and Materials {#sec3dot1-molecules-22-01105}
----------------------------

*Chlorella sp.* blue-green algae (derived from *Chlorella vulgaris*) was purchased from PureBulk, Roseburg, OR, USA. The dry powdered microalgae were stored in a desiccator until further use. Folin--Ciocalteu reagent, sodium carbonate, gallic acid, caffeic acid, ferulic acid, ρ-coumaric acid, acetic acid, acetonitrile, methanol, and DPPH were purchased from Sigma Aldrich, Malaysia. All chemicals were of analytical grade and used as received without further purification.

3.2. Experimental Design and Statistical Analysis {#sec3dot2-molecules-22-01105}
-------------------------------------------------

In this study, statistical design of experiments (DOE) was used throughout the experimental planning and data collection according to experimental matrix generated by Design Expert Version 7.0.0 (Stat Ease Inc., Minneapolis, MN, USA). This software was also used for analysis and optimization purposes. Experimental data of the phenolic content from *Chlorella sp.* were employed as Y~1~, while the antioxidant activity was employed as Y~2~, to develop an empirical model by variations of temperature (X~1~), time (X~2~), and microalgae concentration (X~3~) during SW extraction. The ranges of the independent variables and their levels are presented in [Table 8](#molecules-22-01105-t008){ref-type="table"}.

Optimization of the SW extraction for phenolic content and antioxidant activity from *Chlorella sp.* was carried out using RSM \[[@B39-molecules-22-01105]\]. Through this study, a three factor level of face-centered central composite design (CCD) generated a total of 20 experiments. The six replications at the design center point were utilized to provide information on the variation of response about the average and residual variance. The effects of unexplained variability in the observed response due to extraneous factors were minimized by randomizing the order of experiments. The correlation of the response to the variables studied was developed by regression model equation. Adequacy of the model developed was evaluated based on coefficients of correlation and ANOVA. ANOVA was used to show how well the model fitted the experimental data, by elucidating functional-relationship-associated statistical values. Experimental data were fitted to a second-order polynomial model and regression coefficients were obtained. The generalized second-order polynomial model used in response surface analysis was as follows: $$Y_{k} = {\ \mathsf{\beta}}_{k0} + \sum\limits_{i = 1}^{3}\mathsf{\beta}_{ki}x_{i} + \sum\limits_{i = 1}^{3}\mathsf{\beta}_{kii}{x^{2}}_{i} + \sum\limits_{i < j = 2}^{3}\mathsf{\beta}_{kij}x_{i}x_{j}$$ where Y~k~ is the response function, β~k0~ is the center point of the system, β~ki~, β~kii~, and β~kij~ represent the coefficients of the linear, quadratic, and interactive terms, respectively, and x~i~, x~ii~, and x~i~x~j~ represent the linear, quadratic, and interactive terms of the coded independent variables, respectively.

Optimal conditions for the extraction of phenolic compounds and antioxidants from *Chlorella sp.*, depending on extraction temperature, time, and microalgae concentration, were obtained using predictive equations from RSM. The experimental and predicted values under optimized conditions were compared to determine model validity. The phenolic acid profiles of the extracts were also determined after extraction under optimized conditions.

3.3 Subcritical Water Extraction {#sec3dot3-molecules-22-01105}
--------------------------------

Extractions were performed using a batch fluid extraction system ([Figure 4](#molecules-22-01105-f004){ref-type="fig"}a) at extraction temperatures between 100 °C and 250 °C. The batch fluid extraction system consisted of a salt bath that was heated according to the specific temperature for the experiments. Prior to each extraction, the molten salt bath was allowed to heat up for a few minutes. Likewise, all extractions were performed in stainless steel batch reactor cells ([Figure 4](#molecules-22-01105-f004){ref-type="fig"}b) containing *Chlorella sp.* sample. The reaction cell was a stainless steel pipe (SUS316) with an inner diameter of 7.5 mm and 150 mm length.

The extraction procedure was as follows: (i) The sample was loaded into the reactor cell; (ii) the cell was filled with water solvent (5 mL); (iii) argon gas was purged into the reactor cell to release trapped air from the reactor; (iv) the reactor was immersed into a preheated molten salt bath to initiate the reaction; (v) after reaching the set extraction time, the reactor cell was removed from the bath and rapidly quenched in cooling water to terminate the reaction. The contents were then centrifuged (Hettich, Balingen, Germany) at 2376× *g* of relative centrifugal force (RCF) for 10 min and filtered through Whatman No.1 filter paper into a conical flask. The supernatant and residue were then collected for further analysis.

3.4. Determination of Phenolic Content {#sec3dot4-molecules-22-01105}
--------------------------------------

The phenolic content of the extract was determined by a modified Folin--Ciocalteu method \[[@B40-molecules-22-01105]\]. The extract (0.2 mL) was made up to 3 mL with distilled water and mixed thoroughly with Folin--Ciocalteu reagent (0.5 mL) for 3 min, followed by the addition of 2 g/100 mL (*w*/*v*) sodium carbonate (2 mL). The mixture was allowed to incubate for a further 60 min in the dark, and absorbance was measured at 765 nm by UV-Vis spectrophotometry (Ultrospec 3100 Pro, Amersham Biosciences Corp. Piscataway, NJ, USA). The phenolic content was calculated from the gallic acid calibration curve. Gallic acid was used as a reference standard, and the results were expressed as milligram gallic acid equivalent per dry weight of microalgae (mg GAE/g). All experiments were performed in triplicate.

3.5. Free Radical Scavenging Capacity Using DPPH Assay {#sec3dot5-molecules-22-01105}
------------------------------------------------------

A modified DPPH free radical scavenging assay \[[@B41-molecules-22-01105]\] was performed to determine antioxidant activity. A 0.1 mM solution of DPPH in methanol was prepared and 1 ml of this solution was added to the extracts (3 mL). After incubating in the dark for 30 min, absorbance was measured using UV-Vis spectrophotometry at 517 nm. Color changes in the mixture were observed and absorbance was then measured. The lower absorbance of the reaction mixture indicated higher free radical scavenging activity. The antioxidant activity (% of inhibition) for DPPH radicals was calculated using the following equation: $$Antioxidant~activity~\left( {\%~of~inhibition} \right) = \frac{A_{0} - A_{1}}{A_{0}}~ \times ~100\%$$ where *A~0~* and *A~1~* are the absorbances of the control sample (containing all reagents except the extract sample) and the extracts, respectively. All samples were analyzed in triplicate.

3.6. Scanning Electron Microscopy {#sec3dot6-molecules-22-01105}
---------------------------------

SEM analysis on *Chlorella sp.* cells was performed using a Hitachi S-3400N Tabletop Microscope and operated at a voltage of 5 kV. The samples were sputter-coated with gold at 5 mA for 45 s prior to SEM analysis. The images were examined under 1.00 kSE.

3.7. HPLC Analysis {#sec3dot7-molecules-22-01105}
------------------

To determine the contents of the phenolic acids, the extracts were analyzed using HPLC using Agilent G1310A pumps (Agilent Technologies, Santa Clara, CA, USA), with a diode array detector and chromatographic separations. HPLC analysis was performed using a LUNA C-18 column (5 µm, 250 mm × 4.6 mm) with a flow rate of 0.5 mL/min. The mobile phase was composed of solvent (A) water:acetic acid (94:6, *v*/*v*, pH 2.3) and solvent (B) acetonitrile. The solvent gradient was as follows: 0--15% B in 40 min, 15--45% B in 40 min, and 45--100% B in 10 min. Samples and mobile phases were filtered through a 0.22 µm Millipore filter prior to HPLC injection. Each fraction was analyzed in duplicate. The phenolic acid concentrations in the samples were identified by comparing their retention time and UV-diode array detection at 280 and 320 nm spectral data to known previously injected series of standard solutions. The values are means (*n* = 3), and they are given as mg/100 g dry weight of microalgae investigated.

4. Conclusions {#sec4-molecules-22-01105}
==============

The results in this study indicate that *Chlorella sp.* is a desirable source of phenolic compounds possessing strong antioxidant activity. Furthermore, SW technology is a suitable and environmentally friendly process that could enhance the extraction of phenolic content from this microalga. This study shows that water can be a suitable solvent to substitute organic solvents in the extraction of phenolic compounds. RSM was successfully employed to optimize phenolic extraction from *Chlorella sp*. using SW. The best extraction conditions were found to be 163 °C and 5 min with a solid loading of 20%, which afforded a phenolic content of 58.73 mg GAE/g and 68.50% inhibition of DPPH radicals. The phenolic content correlated closely with the antioxidant capacity, corroborating that this phenolic class is responsible for the beneficial health effects of *Chlorella sp.* consumption. RSM proved to be effective in optimizing the extraction conditions of bioactive phenolic compounds from *Chlorella sp.* This study could be useful in the development of industrial extraction processes, including further study into the optimal number of sequential steps, to improve the efficacy of large-scale extraction systems.
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![Response surface and contour plots for (**a**) phenolic content and (**b**) antioxidant activity as functions of temperature, time, and solid loading. The value of the missing independent variable in each plot was kept at the centre point.](molecules-22-01105-g001){#molecules-22-01105-f001}

![Scanning electron microscope (SEM) images of *Chlorella sp*. cell (**a**) before extraction process (untreated), and (**b**) after extraction at optimized conditions.](molecules-22-01105-g002){#molecules-22-01105-f002}

![Linear regression analysis of the phenolic content with respect to antioxidant capacity towards the DPPH radical.](molecules-22-01105-g003){#molecules-22-01105-f003}

![(**a**) Batch fluid extraction system and (**b**) reactor cell.](molecules-22-01105-g004){#molecules-22-01105-f004}

molecules-22-01105-t001_Table 1

###### 

Independent variables used for response surface methodology.

  Standard Order   Run Order   Temperature, X~1~ (°C)   Time, X~2~ (min)   Microalgae Concentration, X~3~ (wt. %)
  ---------------- ----------- ------------------------ ------------------ ----------------------------------------
  16               1           175                      12.5               12.5
  6                2           250                      5                  20
  14               3           175                      12.5               20
  12               4           175                      20                 12.5
  8                5           250                      20                 20
  5                6           100                      5                  20
  7                7           100                      20                 20
  9                8           100                      12.5               12.5
  3                9           100                      20                 5
  15               10          175                      12.5               12.5
  19               11          175                      12.5               12.5
  1                12          100                      5                  5
  11               13          175                      5                  12.5
  10               14          250                      12.5               12.5
  17               15          175                      12.5               12.5
  4                16          250                      20                 5
  2                17          250                      5                  5
  18               18          175                      12.5               12.5
  13               19          175                      12.5               5
  20               20          175                      12.5               12.5

molecules-22-01105-t002_Table 2

###### 

Experimental data for the response of phenolic content and antioxidant activity under different extraction conditions.

  Run Order   Phenolic Content, Y1 (mg Gallic Acid Equivalent (GAE)/g)   Antioxidant Activity, Y2 (% of Inhibition)
  ----------- ---------------------------------------------------------- --------------------------------------------
  1           51.1                                                       66.22
  2           30.98                                                      49.91
  3           50                                                         61.69
  4           42.91                                                      57.58
  5           23.45                                                      47.03
  6           48.7                                                       58.02
  7           24.21                                                      48.95
  8           35.11                                                      53.4
  9           22.99                                                      44.73
  10          59.15                                                      67.12
  11          51.98                                                      66.63
  12          32.45                                                      52.7
  13          52.1                                                       67.04
  14          28.97                                                      47.38
  15          52.3                                                       67.09
  16          29.75                                                      47.94
  17          20.95                                                      44.67
  18          53.1                                                       67.11
  19          49.87                                                      58.94
  20          51.64                                                      66.41

molecules-22-01105-t003_Table 3

###### 

Analysis of variance for response surface quadratic model (unreduced model).

  Source       df   Phenolic Content   Comment   Antioxidant Activity   Comment                                    
  ------------ ---- ------------------ --------- ---------------------- ------------- --------- ------- ---------- -------------
  Model        9    3005.13            46.18     \<0.0001               significant   1364.71   25.67   \<0.0001   significant
  X~I~         1    86.2               11.92     0.0062                 significant   43.56     7.37    0.0217     significant
  X~2~         1    175.31             24.25     0.0006                 significant   68.17     11.54   0.0068     significant
  X~3~         1    45.5               6.29      0.031                  significant   27.62     4.68    0.0559     
  X~1~X~2~     1    155.06             21.44     0.0009                 significant   37.98     6.43    0.0296     significant
  X~1~X~3~     1    23.6               3.26      0.101                                3.39      0.57    0.466      
  X~2~X~3~     1    122.93             17        0.0021                 significant   6.57      1.11    0.3164     
  X~1~^2^      1    986.82             136.48    0.0001                 significant   452.39    76.59   0.0001     significant
  X~2~^2^      1    33.27              4.6       0.0575                               2.26      0.38    0.5503     
  X~3~^2^      1    3.02               0.42      0.5326                               23.14     3.92    0.076      
  Residual     10   72.31                                                             59.07                        
  Pure Error   5    44.55                                                             0.79                         
  R^2^              0.9765                                                            0.9585                       
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###### 

Analysis of variance for the response surface quadratic model (reduced model).

  Source       Sum of Squares   Phenolic Content   Comment   Sum of Squares   Antioxidant Activity   Comment                            
  ------------ ---------------- ------------------ --------- ---------------- ---------------------- --------- ---- -------- ---------- -------------
  Model        2978.51          7                  51.61     \<0.0001         significant            1352.49   6    41.11    \<0.0001   significant
  X~I~         86.2             1                  10.46     0.0072           significant            43.56     1    7.94     0.0145     significant
  X~2~         175.31           1                  21.27     0.0006           significant            68.17     1    12.43    0.0037     significant
  X~3~         45.5             1                  5.52      0.0368           significant            27.62     1    5.04     0.0429     significant
  X~1~X~2~     155.06           1                  18.81     0.001            significant            37.98     1    6.93     0.0207     significant
  X~1~X~3~     \-               \-                 \-        \-               \-                     \-        \-   \-       \-         \-
  X~2~X~3~     122.93           1                  14.91     0.0023           significant            \-        \-   \-       \-         \-
  X~1~^2^      1196.45          1                  145.13    0.0001           significant            554.67    1    101.05   0.0001     significant
  X~2~^2^      47.96            1                  5.82      0.0328           significant            \-        \-   \-       \-         \-
  X~3~^2^      \-               \-                 \-        \-               \-                     33.61     1    6.13     0.0278     significant
  Residual     98.93            12                                                                   71.29     13                       
  Pure Error   44.55            5                                                                    0.79      5                        
  R^2^         0.9679           0.9499                                                                                                  

molecules-22-01105-t005_Table 5

###### 

Mathematical equations that describe the response variables \[phenolic content and antioxidant activity\] in response to the extraction temperature (X~1~), time (X~2~), and solid loading (X~3~).

  Response Variables                       Regression Equation
  ---------------------------------------- ------------------------------------------------------------------------------------------------------------
  Phenolic Content (mg GAE/g)              Y~1~ = 52.19 − 2.94 X~1~ − 4.19 X~2~ + 2.13 X~3~ + 4.40 X~1~X~2~ − 3.92X~2~X~3~ − 19.34 X~1~² − 3.87 X~2~²
  Antioxidant Activity (% of inhibition)   Y~2~ = 65.23 − 2.09 X~1~ − 2.61 X~2~ + 1.66 X~1~X~2~ − 13.17 X~1~² − 3.24X~3~²
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###### 

Predicted and experimental values of responses at optimum conditions.

  Response Variables                       Predicted Value   Actual Value   Differences (%)
  ---------------------------------------- ----------------- -------------- -----------------
  Phenolic content (mg GAE/g)              58.99             58.73          0.44
  Antioxidant activity (% of inhibition)   67.17             68.05          1.31
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###### 

Phenolic acid constituents in some plants and algae.

  Material                             Extraction Solvent         Phenolic Compounds                                                                            Reference
  ------------------------------------ -------------------------- --------------------------------------------------------------------------------------------- -------------------------------
  *Spirulina platensis* (algae)        methanol/water             caffeic acid, vanillic acid, syringic acid                                                    \[[@B31-molecules-22-01105]\]
  *Stypocaulon scoparium* (algae)      methanol, ethanol, water   caffeic acid, ferulic acid, *p*-coumaric acid, vanillic acid, gallic acid                     \[[@B32-molecules-22-01105]\]
  *Spongiochloris spongiosa* (algae)   acetone, methanol          caffeic acid, *p*-coumaric acid, vanillic acid                                                \[[@B33-molecules-22-01105]\]
  *Amomum chinense* C. leaf            methanol                   caffeic acid, ferulic acid, chlorogenic acid                                                  \[[@B34-molecules-22-01105]\]
  Apple pomace                         acetone                    caffeic acid, chlorogenic acid                                                                \[[@B35-molecules-22-01105]\]
  Litchi pulp                          acetone                    caffeic acid, ferulic acid, vanillic acid, syringic acid                                      \[[@B36-molecules-22-01105]\]
  Propolis                             ethanol/water              caffeic acid, ferulic acid, *p*-coumaric acid                                                 \[[@B37-molecules-22-01105]\]
  *Crataegi folium* leaves             acetone                    caffeic acid, ferulic acid, *p*-coumaric acid, chlorogenic acid, gallic acid                  \[[@B38-molecules-22-01105]\]
  Potato peel                          water                      caffeic acid, ferulic acid, *p*-coumaric acid, chlorogenic acid, syringic acid, gallic acid   \[[@B10-molecules-22-01105]\]
  *Chlorella sp.* (algae)              water                      caffeic acid, ferulic acid, *p*-coumaric acid                                                 This study
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###### 

Range of independent variables and their corresponding levels.

  Symbol   Variables                  Actual Value   Units         
  -------- -------------------------- -------------- ------- ----- -------
  X~1~     Temperature                100            175     250   °C
  X~2~     Time                       5              12.5    20    min
  X~3~     Microalgae concentration   5              12.5    20    wt. %
